Abstract: Catalytic efficiency in synthesis of vitamin E succinate was dramatically increased via the preparation of robust catalyst and the improvement of reaction system. 4-dimethylaminopyridine (DMAP) was covalently immobilized on nano-SiO 2 to avoid the catalyst contamination of the product and permit the easy recycling of DMAP. Then, a hexane-acetone mixed solvent system was firstly introduced to replace the traditional single-solvent system, which was employed to improve the activity of immobilized DMAP derivative and the substrate solubility of the reaction system. The highest vitamin E succinate yield of 94% was achieved. In addition, the recyclability and stability of the immobilized DMAP derivative was excellent, the yield of vitamin E succinate had no obvious loss and remained 90% after recycling 20 times. The excellent results make this technology be a promising candidate for the industrial production of vitamin E succinate.
Introduction
Let F denote a eld and let V denote a vector space over F with nite positive dime pair A, A * of diagonalizable F-linear maps on V, each of which acts on an eigenbasis fo irreducible tridiagonal fashion. Such a pair is called a Leonard pair (see [13, De nition 1 A, A * is said to be self-dual whenever there exists an automorphism of the endomorph swaps A and A * . In this case such an automorphism is unique, and called the duality A
The literature contains many examples of self-dual Leonard pairs. For instance (i) th ated with an irreducible module for the Terwilliger algebra of the hypercube (see [4, Coro Leonard pair of Krawtchouk type (see [10, De nition 6.1]); (iii) the Leonard pair associate module for the Terwilliger algebra of a distance-regular graph that has a spin model in t bra (see [1, Theorem] , [3, Theorems 4.1, 5.5]); (iv) an appropriately normalized totally b (see [11, Lemma 14.8] ); (v) the Leonard pair consisting of any two of a modular Leonard De nition 1.4]); (vi) the Leonard pair consisting of a pair of opposite generators for th bra, acting on an evaluation module (see [5, Proposition 9.2 
]). The example (i) is a speci examples (iii), (iv) are special cases of (v).
Let A, A * denote a Leonard pair on V. We can determine whether A, A * is self-dual is a standard ordering of the eigenvalues of A * (see [7, Proposition 8.7] ).
by light, air, oxidizing agent and heat [4, 5] . Therefore, many researchers have devoted to increase its stability and developed many relevant derivatives. In all kinds of vitamin E, α-tocopherol is the most representative isoform, which shows the highest vitamin E activity [6, 7] .
To increase its stability, many relevant α-tocopherol derivatives have been developed [8] . As reported, α-tocopherol succinate was the most biologically and chemically active, in which the original hydroxyl of α-tocopherol was converted to the succinic anhydride ring-opened carboxyl group. The obtained α-tocopherol succinate showed the great stability and the excellent performance as the antioxidant. In addition, the pharmacological effects of α-tocopherol succinate have been also confirmed in animal experiments and clinical researches with the treatments of cancer and cataract [9] [10] [11] [12] [13] [14] . Generally, α-tocopherol succinate was prepared by enzymatic or chemical synthesis. For example, it has reported that α-tocopherol succinate was obtained over modified Novozym-435 lipase-catalyzed reaction [15] . However, the unsatisfactory stability and high cost of enzyme were the serious problems of biocatalytic approaches. Recently, ionic liquids were employed for the synthesis of α-tocopherol succinate [16] . A serious drawback of the system was the complicated process of separation of the product. And the expensive price of ionic liquids was another limiting factor for future industrial production. So far, a variety of organic catalysts were widely used for the synthesis of α-tocopherol derivatives, which was involved in DMAP, tertiary amine and pyridine [17, 18] . Among these catalysts, DMAP was deemed as the best candidate due to its high catalytic activity and great reaction selectivity. However, the application of DMAP for industrial production was easily limited by the problem of difficulty in separating from the solvent. In addition, it has reported that the toxicity of DMAP made it inappropriate for production of food and medicine [19] . With regard to α-tocopherol derivatives as medicine for human being, the DMAP contamination of the product should be avoided.
In the present work, DMAP was covalently immobilized on the surface of nano-SiO 2 to prepare a robust catalyst for the synthesis of α-tocopherol succinate. The obtained immobilized DMAP derivative permitted the easy separation of catalyst from the product, avoiding DMAP contamination and raising the safety of the product. Moreover, the immobilization also provided a promising way for the easy recycling of DMAP, which can reduce the production cost significantly. It is worth noting that nano-SiO 2 was a kind of inexpensive nanoparticles (NPs) with unique properties including large area, suitable density and great mechanical properties [20, 21] . Thus, the use of nano-SiO 2 was adequate for the properties of carrier.
The reaction solvent is another crucial factor affecting the catalytic performance of the reaction system. It has reported that a high-polar solvent presumably promoted the protonation of DMAP by intermediate by-product acid, which would result in the deactivation of DMAP. [22, 23] . However, the solubility of succinic anhydride increased with increasing the polarity of solvent. Therefore, it was very hard to obtain a balance between catalyst activity and substrates solubility just through the single solvent. Herein, α-tocopherol succinate was efficiently synthesized in the mixed solvent system using immobilized DMAP derivative. The mixed solvent consisted of hexane and acetone, the less-polar hexane was used to improve the activity of catalyst and the highpolar acetone was to increase the solubility of succinic anhydride. Moreover, hexane and acetone belonging to class 3 residual solvents were promising candidates toward environmentally friendly solvents due to their no health-based exposure limit and low toxicity [24] . In addition, the phase resistance was also avoided due to the miscible property of two solvents. Comparing with other reported approaches, we developed a promising way for the industrial production of α-tocopherol succinate, which completely avoided the catalyst contamination and significantly enhanced the safety of product.
Materials and methods

Materials
Succinic anhydride, α-tocopherol, nano-SiO 2 , 30 nm diameter, γ-chloropropyltrimethoxysilane (CPTMS) and 4-methylaminopyridine (MAP) were obtained from Aladdin Chemistry Co., Ltd (Shanghai, China), all other reagents and salts were standard laboratory grade.
Preparation of γ-chloropropylfunctionalized nano-SiO 2 particles (NS-Cl)
The γ-chloropropyltrimethoxysiliane (CPTMS) was covalently bonded on the surface of nano-SiO 2 particles. Five grams of nano-SiO 2 was added in 70 mL absolute ethanol/water (4:1 volume ratio). Then, 5 mL γ-chloropropyltrimethoxysiliane (CPTMS) was added, and the reaction mixture was stirred for 24 h at room temperature. the resulting γ-chloropropyl-functionalized nano-SiO 2 was separated by centrifugation and washed with 40 mL deionized water for 4 times. Finally, the pure γ-chloropropyl-functionalized nano-SiO 2 was dried at 60°C for 12 h under vacuum.
Preparation of nano-SiO 2 immobilized DMAP derivative (NS-DMAP)
Nano-SiO 2 immobilized DMAP derivative catalyst was prepared as follows: 0.90 mmol 4-methylaminopyridine (MAP) was dissolved in 25 mL o-xylene. Then, 0.40 g nano-SiO 2 , 1.35 mmol K 2 CO 3 and 0.90 mmol KI were added, and the reaction mixture was stirred at 120°C for 12 h under nitrogen. The reaction was monitored by HPLC. The loading capacity of DMAP was calculated by the content of free MAP before and after reaction. The resulting catalyst was separated by centrifugation and washed with o-xylene (3 × 15 mL), absolute ethanol (2 × 15 mL), deionized water (2 × 15 mL). Finally, the pure immobilized DMAP derivative was dried at 60°C for 12 h under vacuum.
Synthesis of vitamin E succinate
Vitamin E succinate was synthesized in mixed solvent using immobilized DMAP derivative. The details were as follows: 0.15 mmol α-tocopherol was dissolved in 5 mL mixed solvent (hexane/acetone). Then, 0.45 mmol succinic anhydride, 0.1 mmol NS-DMAP (the molar amount of DMAP that covalently bonded on nano-SiO 2 ) was added, and the reaction mixture was stirred at the setting temperature for 24 h under N 2 atmosphere. After reaction, the reaction mixture was cooled and filtered to regenerate nano-SiO 2 immobilized DMAP derivative. Small amount of filtrate was analyzed by HPLC to determine the yield of α-tocopherol succinate. The other filtrate was concentrated under vacuum and then diethyl ether was added to remove unreacted succinic anhydride under low temperature, the crude product was purified by hexane to obtain the pure α-tocopherol succinate.
HPLC analysis
Analysis of reaction solution was performed on a Shimadzu LC-20A HPLC system (Shimadzu, Japan 
NS-DMAP characterizations
Thermogravimetric analysis (TG) was performed with a Thermogravimetric analyzer (STA449F3, Netzsch, Germany). The measurement was carried out under N 2 atmosphere at a uniform heating rate of 10°C/min from room temperature to 750°C. The Fourier Transform Infrared (FT-IR) spectroscopy was recorded on a Fourier transform infrared spectrometer (Frontier, PerkinElmer, America) in the range from 400 to 4000 cm -1 .
Results and discussion
Catalyst preparation
The rationale of immobilizing DMAP derivative on nanoSiO 2 was a two-step process described in Figure 1 . First, the γ-chloropropyltrimethoxysiliane (CPTMS) was covalently coupled on the surface of nano-SiO 2 particles for the preparation of γ-chloropropyl-functionalized nano-SiO 2 ; next, 4-methylaminopyridine (MAP) reacted with the coupled chloropropyl and was covalently bonded on the modified nano-SiO 2 over N-alkylation reaction, which was promoted by KI and K 2 CO 3 .
To investigate the optimal loading capacity of DMAP, the effects of reaction temperature, KI and K 2 CO 3 concentration and reaction time were investigated systematically. As shown in Figure 2 , the reaction temperature of 120°C, a molar ratio of KI to MAP of 1:1, a molar ratio of K 2 CO 3 to MAP of 1.5:1 and reaction time of 12 h were found to be the optimal conditions for the N-alkylation reaction. The maximum loading capacity of DMAP reached 0.68 mmol/g under the optimal conditions.
Catalyst characterizations
Next, the obtained immobilized DMAP derivative was characterized in details. As shown in Figure 3 , the weight loss of nanoparticles between 30°C and 750°C was observed by TG and DTG curves. For nano-SiO 2 (NS), γ-chloropropyl-functionalized nano-SiO 2 particles (NS-Cl) and nano-SiO 2 immobilized DMAP derivative (NS-DMAP), the weight loss from 30 to 200°C was attributed to the desorption of physically absorbed water [25] , which could be confirmed by the peak of DTG at 30 to 200°C. And another main weight loss was observed at 400°C to 600°C, which was ascribed to the decomposition of coupled CPTMS. Besides, DTG showed that the peak at 400 to 600°C only can be observed by NS-Cl and NS-DMAP, the result demonstrated that the CPTMS was successfully coupled on external surface of nano-SiO 2 . The last weight loss between 200 and 400°C was attributed to the decomposition of DMAP, and the characteristic peak of DTG only can be observed by NS-DMAP [26] . The results indicated that nano-SiO 2 immobilized DMAP derivative has been successfully prepared.
To prove the structure of the catalyst, the FT-IR spectra of NS, NS-Cl and NS-DMAP was taken and shown in Figure 4 . In all curves, the peaks at 1072 cm -1 and 796 cm -1 were assigned to the Si-O-Si asymmetric and symmetric stretching, respectively [27] . After γ-chloropropyl-functionalization of nano-SiO 2 , the peak corresponding to C-Cl stretching bond appeared at 653 cm -1 , and the stretching peaks of alkyl C-H was clearly observed at 2981 cm -1 and 2891 cm -1 [28] .
Figure 1: Preparation of heterogeneous catalyst (NS-DMAP).
For the curve of NS-DMAP, the new characteristic peak at 1658 cm -1 was assigned to stretching bond of aromatic ring [26] . From the analysis of FT-IR, it can be ascertained that we have successfully prepared the catalyst.
Comparison of the catalytic effect of different carriers immobilized DMAP derivative
In order to investigate the role of carriers in the immobilization, DMAP was immobilized on several different carriers including nano-SiO 2 (NS), silica gel (SG) and mesoporous crystalline material (MCM-41).
The maximum loading capacity of NS-DMAP, SG-DMAP and MCM-DMAP reached 0.68 mmol/g, 0.89 mmol/g and 1.35 mmol/g, respectively. Then, the performances of three kinds of catalysts were systematically assessed in the synthesis of α-tocopherol succinate. Although the higher loading capacity was observed in preparation of SG-DMAP and MCM-DMAP, the highest catalytic activity was observed during the use of NS-DMAP. SG and MCM-41 with the porous structure had higher specific surface area. Thus, they showed higher DMAP loading capacity than NS. However, their small porous structure also accompanied by the serious internal resistance and reduced reaction rate. As shown in Figure 5 , the initial reaction rate of NS-DMAP reached 1.5 mmol•mol DMAP -1 •min -1 , which was more than twice the activity of other two catalysts. DMAP immobilized on the external surface of nonporous NS, which can completely eliminate the internal diffusion problem. More importantly, according to the Stokes-Einstein and collision theory, NS with a very smaller size can enhance the collision between catalysts and reaction substrates, which was the main resistance for substrates availability between the bulk solution and material surface particularly in a biphasic system [29, 30] . After reaction, the leakage of DMAP was measured to investigate the stability of the immobilized DMAP derivative by HPLC [31] . The result indicated that the obtained immobilized DMAP derivative possessed the greater stability and completely avoided the DMAP contamination of product, raising the product safety.
Effect of organic solvents on yield of vitamin E succinate
The reaction solvent was a crucial factor affecting the catalytic performance [22] . Table 1 showed the effect of organic solvents on the yield of α-tocopherol succinate in the single solvent system. It was found that the yield of α-tocopherol succinate was higher in a less-polar solvent. The phenomenon was attributed to the significantly reduced amount of DMAP protonation in the less-polar solvent [22, 23] . However, the lowest yield was observed in the lowest-polar petroleum ether. The main reason was that the solubility of succinic anhydride decreased with decreasing the polarity of solvent. Therefore, a small amount of succinic anhydride was dissolved in petroleum ether, which limited ring-opened reaction of succinic anhydride in the first step of mechanism reaction described in Figure 6 , affecting the effectivity of the whole reaction [32, 33] . Herein, a mixed solvent system was introduced for the synthesis of α-tocopherol succinate, which consisted of the less-polar organic solvent hexane and the highpolar organic solvent acetone. The less-polar hexane was used to mitigate DMAP protonation, preventing the deactivation of catalyst, and the high-polar acetone was to increase the solubility of succinic anhydride. Hexane and acetone were environmentally friendly solvents with the properties of no health-based exposure limit and low toxicity [24] . Besides, the phase resistance was also avoided due to the miscible property of two solvents. The mixed solvent system enhanced the activity of the whole system and the safety of product. As shown in Figure 7a , it was found that the yield of α-tocopherol succinate was higher in the mixed solvent system than single solvent system. The optimal volume ratio of hexane to acetone was confirmed as 4:1. Then, the reaction was carried out in four different systems, which was showed in Figure 7b . The result indicated that hexane-acetone mixed solvent system showed higher yields of α-tocopherol succinate and reaction rates comparing with hexane single solvent system in all cases no matter which form of DMAP was employed. Although free DMAP showed the highest catalytic activity in the mixed solvent among four reaction systems, the problem of separation limited its industrial applications. With regard to α-tocopherol succinate as medicine for human being, the DMAP contamination of the product should be avoided. Therefore, a highly efficient and environmentally friendly technology process for the synthesis of α-tocopherol succinate was employing nano-SiO 2 immobilized DMAP derivative as catalyst and 
Effect of molar ratio of substrates on yield of α-tocopherol succinate
The reaction equilibrium was easy to affect by substrates concentration. Therefore, an excess of succinic anhydride would be essential to shift the reaction equilibrium towards to the formation of α-tocopherol succinate [34] . The effect of molar ratio of succinic anhydride to α-tocopherol was showed in Figure 8 . The obtained result suggested that the increase in molar ratio of succinic anhydride to α-tocopherol significantly improved the yield of α-tocopherol succinate from 64% to 94%. However, there was no obvious increase in the yield of α-tocopherol succinate when the molar ratio of succinic anhydride to α-tocopherol was higher than 3:1. Therefore, the optimal molar ratio of succinic anhydride to α-tocopherol was confirmed as 3:1.
Effect of temperature on yield of α-tocopherol succinate
Temperature was another crucial factor affecting the activity of the whole reaction system [35] . As shown in Figure 9 , it can be clearly observed that the yield of α-tocopherol succinate increased with increasing the temperature from 35 to 55°C. The result suggested that an increase in reaction temperature had a significant effect on the catalytic reaction. However, further increase in the temperature, the yield of α-tocopherol succinate showed no considerable increase. Besides, the structure of α-tocopherol and the color of product were easily affected in a high temperature. The result indicated that the optimal temperature was 55°C.
Stability of catalyst
The longevity and reusability of heterogeneous catalysts were crucial factors from economy and environmental points of view. Therefore, the recyclability of nano-SiO 2 immobilized DMAP derivative was investigated under optimal conditions for the synthesis of α-tocopherol succinate. And the reaction was conducted by the decrease in amount of reaction substrates with catalyst amount loss. As showed in Figure 10 , the catalyst showed no significant loss of catalytic activity even after reusing for 20 times. Furthermore, comparing the FT-IR spectrum of the reused catalyst with the fresh catalyst, Figure 11 showed that they had no significant changes. It clearly demonstrated that nano-SiO 2 immobilized DMAP derivative showed the excellent stability during the catalytic cycles.
Conclusion
Vitamin E succinate was successfully synthesized with a satisfactory yield in an effective reaction system. NanoSiO 2 immobilized 4-dimethylaminopyridine derivative (NS-DMAP) was employed to synthesize α-tocopherol succinate, which avoided the catalyst contamination of the product and permitted the easy recycling of DMAP. Besides, a hexane-acetone mixed solvent was aimed to improve the activity of immobilized DMAP derivative and the substrate solubility. The maximum yield of α-tocopherol succinate reached 94% under the optimal conditions. To the best of our knowledge, it is the first example that vitamin E succinate was synthesized in a hexane-acetone mixed solvent system using nano-SiO 2 immobilized DMAP derivative. And it will be a potential application for the industrial production of vitamin E succinate. 
